The efficiency of ozonation in comparison to chlorination for removal of microcystins and production of trihalomethanes (THMs) in water was investigated. One hundred and ninety water samples of ozone and chlorine treated water were collected at a water treatment plant between 
INTRODUCTION
Contamination of toxic substances, such as cyanobacterial toxins from toxic blue green algae bloom and disinfectant by-products (DBPs), in the water supply for residents in Thailand is a recent serious health concern. Microcystins are hepatotoxins produced by cyanobacteria, especially Microcystis aeruginosa (Dawson 1998; Sivonen & Jones 1999) . It was the dominant toxic blue green algae blooming in many reservoirs in Thailand including Mae Kuang reservoir in Chiang Mai (Peerapornpisal et al. 1999) .
The Mae Kuang reservoir is a major source of water supply for residents in Chiang Mai municipal area. Chlorine is used as a disinfectant for raw water and it can react with natural organic matter in the water to form trihalomethanes (THMs) (Rook 1974 ). THMs are classified as possible human carcinogens (IARC 1991 (IARC , 1999 .
Microcystins are tumor-promoting substances (An & Carmichael 1994; Bell & Codd 1994; Rudolph-Bö hner et al. 1994; Trogen et al. 1996) . It has been reported that a high incidence of primary liver cancer in China has been attributed to drinking water contaminated with cyanobacterial toxins (Harada et al. 1996) . People who drink water from a pond containing low levels of microcystins have a higher mortality rate from hepatocellular carcinoma than those who drink water from a well which does not contain any microcystins (Ueno et al. 1996) . WHO (1998) suggested a provisional guideline for microcystin-LR in drinking water of 1 mg/L and a tolerable daily intake value of 0.04 mg per kg body weight per day.
Cancer risk associated with exposure to these toxic substances in drinking water and through daily activities is our big concern. Accordingly an annual report of cancer registry from Maharaj Nakorn Chiang Mai Hospital (1999) showed mortality from liver cancer as the second most frequent cause of death among Chiang Mai cancer patients. Several studies have shown that ozone effectively reduced THM formation (Owen et al. 1995) and also destroyed microcystins (Rositano et al. 1998) . However, ozone has not been implemented as a tap water treatment disinfectant in Thailand. Therefore, it was selected to mitigate these problems in this study. The efficiency of ozonation in comparison to chlorination in the conventional water treatment process on removal of THMs and microcystins were investigated.
MATERIALS AND METHODS

Apparatus
The ozone generator was provided by Ozonfit w OZVa, and post-chlorination.
Ozonation pilot plant
The ozonation pilot plant had a capacity 0. The water samples for total organic carbon determination were collected in a 100 mL glass bottle and preserved with concentrated sulfuric acid which was added until the pH of water was less than or equal to 2.
Ten millilitres of water was collected in a beaker and determined for residual chlorine immediately at the water sampling site. The water samples for microcystin analysis were collected separately in a 1 L amber glass bottle. All water samples were kept at 48C before analyses.
Quantification of trihalomethanes (THMs)
THM quantification was performed according to AWWA (1995) using gas chromatography-electron capture detector (GC-ECD). Thirty-five millilitres of water was extracted with 5 mL of pentane using 50 mL of 50 mg/mL 4-bromofluorobenzene as an internal standard and vigorously shaken by hand for 1 minute. Phase separation occurred within 2 minutes and the upper phase was collected into 2 mL vial with a PTFE septa screw cap. One microlitre of extracted pentane was injected into the GC-ECD. The carrier gas used was helium with a flow rate of 1.6 mL/min and the make-up gas was nitrogen. The injection technique was split/splitless. Oven temperature started with initial temperature at 758C (158C/min, holding time 1 min), 1008C
(158C/min, holding time 1 min), 1308C (158C/min, holding time 1 min) and 1808C (158C/min, holding time 1 min).
Injector temperature was 2258C. Split ratio was 10:1 with detector temperature at 3008C. 
RESULTS
THMs, TOC and residual chlorine levels in treated water
The levels of THMs, TOC and residual chlorine in ozonated water were lower than those found in chlorinated water. 
Microcystin levels in treated water detected by PPi assay
The level of microcystins in all water samples was below the method detection limit of 0.54 mg/L and the WHO provisional drinking water guideline of 1 mg/L. Therefore, the efficiency of the ozonation process on the removal of microcystins was difficult to evaluate because the level of microcystins in raw water was too low.
Microcystin levels in treated water analyzed by HPLC
Twenty seven water samples which had microcystin concentrations over 0.40 mg/L detected by the PPi assay were selected to confirm whether it was microcystin-LR by the HPLC-UV visible detection. The microcystin-LR in raw water was very low and only 2 raw water samples were detected at the concentrations of 0.04 and 0.03 mg/mL. The detection limit was 2 ng on column. (Kagino & Yaki 1980; Fayad 1993; Hassan et al. 1996; Kim et al. 2002) . Current study in Thailand reported the mean value of THMs from Aung-Kaew and Mae-Hia water works in Chiang Mai province of 60 and 62.5 mg/L, respectively.
The predominant THM species detected was also reported to be chloroform (Wattanachira et al. 2004 ).
It has also been reported that pre-ozonation could reduce the concentration of dissolved organic carbon, which could react with chlorine to form THMs, resulting in the reduction of THM formation (Amy et al. 1990; Chang et al. 2002) . Similar to several previous studies, the level of THMs in ozonated water tended to be lower than those of the THMs in chlorinated water in this study.
That the brominated THMs such as dibromochloromethane and bromoform were not detected may be due to the low presence of bromide in the raw water. Bromide is converted to hypobromous acid which can react with natural organic matter in surface water to form brominated THMs.
Similar to Pekkoh's study (2002) , the concentration of microcystins contaminated in Mae Kuang reservoir was very low. This study showed that the concentrations of microcystins in all water samples, which were detected by PPi assay, were low and below the method detection limit (IC10 was 0.54 mg/L) and the provisional guideline in drinking water (1 mg/L).
CONCLUSION
In conclusion, this study suggests that the ozonation pilot plant is successful in reducing THM contamination during the water treatment process. The THM level in water samples from both plants was lower than the U.S. MCL of 80 mg/L in drinking water. Chloroform was the major THM species in treated water. In addition, the concentration of microcystins in Mae Kuang reservoir was very low and the level was below the provisional guideline in drinking water of 1 mg/L. The optimum ORP for treating Mae Kuang raw water by pre-ozonation was 500 mV. At this ORP, microcystins in raw water appeared to be reduced. Moreover, the efficiency of TOC removal by ozonation pilot plant was higher than those of TOC removal by chlorination water treatment plant. Therefore, ozonation is an alternative process which can be utilized in the production of drinking water because it significantly reduces the formation of THMs. The efficiency of the ozonation process on the removal of microcystins was difficult to evaluate because the level of microcystins in raw water was too low.
